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INTRODUCTION 

UDP i s  c u r r e n t l y  i n  t h e  s i x t h  y e a r  o f  a c o - p r o c e s s i n g  r e s e a r c h  
program sponsored by  t h e  U. S .  Department o f  Energy (DOE). E a r l i e r  
work, under completed con t rac t  DE-AC22-84PC70002, has been r e p o r t e d  i n  
a s e r i e s  o f  papers  and r e p o r t s  (1 -7 ) .  The o v e r a l l  o b j e c t i v e s ,  t o  
evaluate the  techn ica l  f e a s i b i l i t y  o f  the co-processing concept and t o  
e s t a b l i s h  a co-processing process data base, were met. The concept o f  
single-stage, s lu r r y -ca ta l yzed  co-process ing was s u c c e s s f u l l y  demon- 
s t r a t e d  i n  l a b o r a t o r y  batch experiments (1).  The-concept was f u r t h e r  
extended t o  i nc lude  continuous bench-scale operations (2 ) .  Good l o n g -  
t e r m  o p e r a b i l i t y  o f  t h e  process was demonstrated i n  the continuous 
p i l o t  p l a n t  f o r  nea r l y  2,000 hours on stream (3).  T y p i c a l  y i e l d s  and 
conversions from t h i s  run  are shown i n  Table 1. A method o f  recover ing 
the c a t a l y s t  was developed and demonstrated on t h e  1 a b o r a t o r y  s c a l e .  
C a t a l y s t  r e c o v e r y  exceeded 95%. On the  bas is  o f  t he  long- term opera- 
b i l i t y  and c a t a l y s t  recovery studies, a concep tua l  commerc ia l  d e s i g n  
was comp le ted  f o r  a co-processing u n i t  i n teg ra ted  w i t h  a 100,000 BPSD 
conventional r e f i n e r y  (3,4). 

The o v e r a l l  o b j e c t i v e  o f  the  cu r ren t  cont ract ,  DE-AC22-87PC79818, 
i s  t o  e x t e n d  and o p t i m i z e  t h e  s i n g l e - s t a g e ,  s l u r r y - c a t a l y z e d  
co-processing scheme. Spec i f i c  o b j e c t i v e s  a re  t o  improve and d e f i n e  
c a t a l y s t  u t i l i z a t i o n  and c o s t s ,  de te rm ine  t h e  p rocess  response t o  
changes i n  r e s i d  c o m p o s i t i o n  and d i f f e r e n t  c o a l s ,  i n v e s t i g a t e  t h e  
p rocess  response t o  changes i n  key operat ing var iab les,  de f i ne  optimum 
operat ing condi t ions,  and reassess the economics o f  co-processing. 

Ca ta l ys t  economics p lay  a major r o l e  i n  d e t e r m i n i n g  t h e  o v e r a l l  
p r o f i t a b i l i t y  o f  s l  urry-phase co-processing. Consequently, much wurk 
has been devoted t o  exp lo r i ng  new c a t a l y s t  systems and improv ing  c a t a -  
l y s t  a c t i v i t y ,  d i s p e r s i o n ,  and r e c o v e r y  techniques. A new c a t a l y s t  
t h a t  i s  more a c t i v e  than the  previous reference c a t a l y s t  was i d e n t i f i e d  
i n  a u t o c l a v e  sc reen ing  t e s t s .  Th is  molybdenum-based c a t a l y s t  i s  cu r -  
r e n t l y  being evaluated i n  the continuous bench-scale u n i t .  A s t u d y  o f  
t h e  e f f e c t  o f  c a t a l y s t  concentrat ion and increased process s e v e r i t y  on 
product y i e l d s  and p l a n t  o p e r a b i l i t y  has recen t l y  been completed and i s  
the subject  o f  t h i s  paper. 

I 

I 
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EFFECTS OF CATALYST CONCENTRATION AND INCREASED PROCESS SEVERITY 

Proqram 0b.iective 

The o v e r a l l  o b j e c t i v e  o f  the cu r ren t  work i s  t o  study the  i n t e r -  
ac t i on  o f  c a t a l y s t  concentrat ion and increased process s e v e r i t y  i n  t h e  
c o n t i n u o u s  bench-scale u n i t .  A s p e c i f i c  ob jec t i ve  i s  t o  determine t h e  
optimum convers ion l e v e l  r e q u i r e d  t o  produce h i g h  l i q u i d  y i e l d s  by  
s e l e c t i v e  c a t a l y t i c  conversion as opposed t o  thermal conversion. Th is  
s t u d y  s h o u l d  l e a d  t o  a b e t t e r  unders tand ing  o f  how t h e  c a t a l y s t :  
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f u n c t i o n s  and how i t  can best  be u t i l i z e d  i n  co-processing t o  acceler-  
a t e  r e a c t i o n s  and d e c r e a s e  i n t r i n s i c  a c t i v a t i o n  energy .  Previous  
e x p e r i e n c e  h a s  i n d i c a t e d  t h a t  optimum o p e r a t i o n  i s  achieved a t  
less-severe o p e r a t i o n s ,  where u n d e s i r a b l e  r e g r e s s i v e  recombinat ion 
react ions a r e  minimized. 

Continuous Bench-Scale Owrat ions 

A s i m p l i f i e d  b lock  diagram of the  p i l o t  p lan t  i s  shown i n  Figure 
1. The uni t  contains  many of the essent ia l  fea tures  of t h e  commercial 
flow scheme and i s  equipped t o  q u a n t i t a t i v e l y  measure the hydrogen 
consumption i n  the  operat ions.  The s l u r r y  feed  ( f i n e l y  ground c o a l ,  
petroleum vacuum r e s i d ,  and ca ta lys t )  i s  combined with a hydrogen-rich 
recycle gas and i s  preheated before i t  en te rs  the  bottom of an upflow 
r e a c t o r .  The products from the  reactor  a re  separated in to  gas and o i l  
streams i n  t h e  high-pressure separator  (HPS). The gas stream from t h e  
HPS i s  combined w i t h  makeup hydrogen before being recycled back t o  the  
incoming f r e s h  f e e d .  A p o r t i o n  of  t h e  o i l  s t ream from t h e  HPS i s  
recyc led  back t o  t h e  incoming fresh feed, and the remainder i s  sent  t o  
a s t r ipper .  The l i g h t e r  hydrocarbon stream from t h e  s t r i p p e r  i s  s e n t  
t o  a debutanizer ,  where i t  i s  separated in to  C and C products. The 
heavier hydrocarbon stream from the  s t r i p p e r  id -sent  t8'a vacuum f r a c -  
t i o n a t o r  t o  recover  an overhead stream ( l i g h t  o i l  and vacuum gas o i l )  
and a bottoms s t ream c o n t a i n i n g  c a t a l y s t ,  coal m i n e r a l s ,  i n s o l u b l e  
carbonaceous mater ia l ,  and nondis t i l l ab le  hydrocarbons. 

Feedstocks 

The f e e d s t o c k s  used f o r  t h i s  s tudy  were r e f e r e n c e  feedstocks, 
Lloydminster vacuum r e s i d ,  designated as  R10, and I l l i n o i s  No. 6 coal  
designated a s  C1.4.  

Lloydminster vacuum res id  (950'Ft, 120-150 Pen.) was obtained from 
a commercial re f inery  i n  Canada. 

I l l i n o i s  Coal No. 6 was obtained by the Kentucky Center f o r  Energy 
Research Labora tory  from t h e  Burning S t a r  Mine. Grinding ( thru 200 
mesh) and drying were done by Empire Coke Company o f  Holt, Alabama. The 
preparation procedure and equipment have been previously described ( 5 ) .  

Process Conditions 

For  each g iven  c a t a l y s t  concent ra t ion ,  a temperature survey was 
conducted w i t h  a 2 : l  mixture of res id  t o  c o a l ,  a t  3000 ps ig  and base  
WHSV. The reac tor  temperature was increased in a stepwise manner from 
420'C unt i l  evidence o f  thermal  degrada t ion  o r  r e a c t o r  f o u l i n g  was 
observed .  Heptane insoluble  conversion, which is  primarily control led 
by c a t a l y t i c  e f f e c t s ,  was monitored t o  determine t h e  process  response  
t o  tempera ture .  Three  c a t a l y s t  concent ra t ions ,  0.50, 0.12 and 0.05 
w t - %  Mo, were s tudied.  

0.50 wt-% Mo Catalvst  Temperature Study 

The f i r s t  study was made with 0.50 w t - %  molybedum (Mo) c a t a l y s t ,  
measured on a metal per moisture and ash f r e e  feed (MAFF) basis .  The 
r u n  was s t a r t e d  a t  422"C, and t h e  tempera ture  was i n c r e a s e d  i n  a 

Feed propert ies  a r e  given in Tables 2 and 3. 
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s t e p w i s e  manner. S i x  t e s t  c o n d i t i o n s  (422, 427, 440, 451, 457, and 
467'C) were run. The p l a n t  operated we l l ,  even a t  the  h i g h e r  p r o c e s s -  
i n g  t e m p e r a t u r e s  and showed no evidence o f  e i t h e r .  thermal degradat ion 
o r  reac tor  f o u l i n g .  S u r p r i s i n g l y ,  t h e  c o n v e r s i o n s  showed a s teady  
increase w i t h  temperature, w i t h  no s ign  o f  decrease even a t  467'C. The 
unconverted coal ( to luene inso lub les  l e s s  ash) d i d  n o t  show the  charac- 
t e r i s t i c  i n c r e a s e  t h a t  i s  t y p i c a l l y  observed as a r e s u l t  o f  coking a t  
h igher  temperatures ( F i g u r e  2 ) .  Heptane i n s o l u b l e  c o n v e r s i o n  a l s o  
showed a steady increase w i t h  temperature (F igure  3). Previous s tud ies  
showed a r a p i d  dec l ine  i n  heptane i n s o l u b l e  conversions a t  temperatures 
g r e a t e r  t h a n  about 430'C and c o k i n g  and p l u g g i n g  problems l i m i t i n g  
p l a n t  o p e r a b i l i t y  above about 435'C (2). The d e c l i n e  i n  c o n v e r s i o n s  
and i n c r e a s e  i n  coking w i t h  increased temperature may be a t t r i b u t e d  t o  
re t rograde reac t ions  i n  which asphaltenes i n  t h e  p e t r o l e u m  f e e d s t o c k  
and t h o s e  f o r m e d  b y  t h e r m a l  b reakup o f  t h e  c o a l  p o l y m e r i z e  and 
eventua l l y  form coke. I n  the  presence o f  an e f f e c t i v e  h y d r o g e n a t i o n  
c a t a l y s t  and hydrogen, t h e s e  r e a c t i v e  intermediates may be pre feren-  
t i a l l y  converted t o  s t a b l e  lower-molecular-weight p r o d u c t s .  However, 
a t  h i g h  temperatures, the r a t e s  o f  t h e  re t rogress ive  thermal reac t ions  
poss ib ly  exceed those o f  the  b e n e f i c i a l  c a t a l y t i c  reac t ions ,  and p i t c h  
and coke are formed a t  the expense o f  the more-desirable l i g h t e r  l i q u i d  
products. 

Two major d i f f e r e n c e s  between t h i s  study and t h e  e a r l i e r  tempera- 
t u r e  s t u d i e s  were observed, and these d i f fe rences  may account f o r  the 
improved high-temperature conversions and p l a n t  s t a b i l i t y .  The c a t a l y s t  
was changed f r o m  a c a t a l y s t  based on vanadium ( V )  t o  a more-act ive 
Mo-based c a t a l y s t ,  and a l i q u i d  recyc le  stream f rom t h e  b o t t o m  o f  t h e  
HPS t o  t h e  r e a c t o r  i n l e t  was included. Space v e l o c i t y  was maintained 
constant i n  each study, bu t  the  a d d i t i o n  o f  the l i q u i d  r e c y c l e  s t ream 
(5:l r e c y c l e  t o  f r e s h  feed)  r e s u l t e d  i n  g r e a t e r  m i x i n g  and h igher  
v e l o c i t y  through the reac tor .  The improved h i g h - t e m p e r a t u r e  c o n v e r -  
s i o n s  and p l a n t  s t a b i l i t y  may be due t o  b e t t e r  c o n t a c t i n g  o f  t h e  
r e a c t i v e  fragments w i t h  hydrogen and c a t a l y s t  (as a r e s u l t  o f  increased 
r e a c t o r  b a c k m i x i n g ) ,  o r  t o  the  decreased r e l a t i v e  contact  between the  
coke precursors and the  h o t  reac tor  w a l l s  due t o  g r e a t e r  s u p e r f i c i a l  
1 i q u i d  v e l o c i t i e s  i n  t h e  r e a c t o r .  Hydrodynamic d i f f e r e n c e s  from the  
r e c y c l e  may have a lso  a f f e c t e d  the f l o w  regime, h e a t  t r a n s f e r  c h a r a c -  
t e r i s t i c s ,  o r  gas v o i d  f r a c t i o n  i n  t h e  r e a c t o r .  How much o f  t h e  
improved h i g h - t e m p e r a t u r e  c o n v e r s i o n  and o p e r a b i l i t y  i s  due t o  t h e  
c a t a l y s t  and how much i s  due t o  improved hydrodynamics r e s u l t i n g  from 
use o f  l i q u i d  r e c y c l e  i s  n o t  known a t  t h i s  t i m e .  F u r t h e r  r e a c t o r  
modeling s tud ies  are requ i red  t o  thoroughly understand these phenomena. 

The g r e a t e s t  impact o f  t h e  h i g h e r  t e m p e r a t u r e  was the  40 w t - %  
increase i n  n o n d i s t i l l a b l e  conversion (Figure 4), w i t h o u t  s i g n i f i c a n t  
carbon l o s s  t o  r e t r o g r a d e  r e a c t i o n s ,  and o n l y  about  6% increase i n  
l i g h t - e n d s  y i e l d s  (Figure 5). Table 4 compares the y i e l d s  and p r o d u c t  
p r o p e r t i e s  a t  427, 451, and 467'C. The product d i s t r i b u t i o n  g ives  the 
expected t rends  w i t h  i n c r e a s i n g  t e m p e r a t u r e :  an i n c r e a s e  o f  1 i g h t e r  
f r a c t i o n s  (C -C C -177'C, and 177-343'C) and a decrease o f  heavier 
f r a c t i o n s  (344-5K-C 3nd 510"Ct). The q u a l i t y  o f  t h e  l i q u i d  p r o d u c t  
improved w i t h  i n c r e a s i n g  tempera ture .  The A P I  g r a v i t y  and hydrogen 
content of the  product increased, and heptane i n s o l u b l e s ,  s u l f u r ,  and 
n i t r o g e n  1 eve1 s decreased. 
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0.12 wt -X Mo Cata lys t  TemDerature Study 

T h i s  run was s t a r t e d  a t  427"C, and a s  i n  the previous run, the 
temperature was increased in a stepwise manner. S i x  t e s t  c o n d i t i o n s  
(427, 432,  438, 446,  451, and 459'C) were r u n .  Plant operat ions were 
again reasonably good, and there  was no evidence o f  thermal degradation 
o r  r e a c t o r  f o u l i n g .  As i n  t h e  p r i o r  run, a l l  of  the c o n v e r s i o n s  
continued t o  increase  with tempera ture  over  the range  s t u d i e d .  The 
unconverted coal showed a steady decrease with temperature (Figure 6 ) ,  
and t h e  heptane-insoluble conversion increased w i t h  temperature (Figure 
7 ) .  The y i e l d s  and product propert ies  a t  427, 446, and 459'C a r e  com- 
pared in  Table 5.  The y ie lds  of l i g h t e r  f r a c t i o n s  (C - C  C -177'C, 
and 177-343'C) i n c r e a s e d  and t h e  h e a v i e r  f r a c t i o n 2  (3Y3-AOeC and 
510'Ct) decreased w i t h  increasing temperature. The increases  i n  nondis- 
t i l l a b l e  convers ion  (Figure E), and l ight-ends y ie lds  (Figure 9)  were 
comparable t o  t h e  0.50% Mo c a s e .  The q u a l i t y  o f  the  l i q u i d  product  
improved with i n c r e a s i n g  tempera ture .  The API and hydrogen content 
i n c r e a s e d ,  and heptane  i n s o l u b l e s ,  s u l f u r ,  and n i t r o g e n  l e v e l s  
decreased, though t o  a l e s s e r  extent than in the  0.50% Mo case. 

0.05 w t - %  Mo Cata lvs t  TemDerature Study 

T h e  t h i r d  temperature study was conducted w i t h  a 0.05 w t - %  Mo c a t -  
a lys t  concentrat ion.  The objective of t h i s  run was t o  de te rmine  the 
low-concentration and high-temperature operabi l i ty  limits of t h e  p lan t .  
Four t e s t  condi t ions (428, 447, 456,and 462'C) were run. Even w i t h  
t h i s  low c a t a l y s t  concentrat ion,  the  plant  operat ions were reasonably 
good, and there  was no evidence o f  e i t h e r  thermal  d e g r a d a t i o n  o r  r e -  
a c t o r  f o u l i n g  o v e r  t h e  temperature range studied. As i n  the previous 
runs, a l l  o f  the conversions continued t o  i n c r e a s e  w i t h  t empera ture ,  
and the  y i e l d s  and product propert ies  follow s imi la r  t rends.  The y ie ld  
o f  unconverted MAF coal ,  heptane insolubles ,  and nondis t i l l ab le  conver- 
s i o n s  and l i g h t - e n d s  y i e l d  versus  tempera ture  a r e  shown i n  Figures 
10-13.  Yie lds  and product  p r o p e r t i e s  a t  428, 447, and 4 6 2 ' C  a r e  
compared i n  Table 6 .  

Effect Of Catalyst  Concentration 

An u n d e r s t a n d i n g  of t h e  e f f e c t  of c a t a l y s t  c o n c e n t r a t i o n  a t  
increased process sever i ty  i s  important t o  the co-pyocess ing  concept .  
Increased  c o n v e r s i o n  o f  petroleum res id  and coal t o  l i g h t e r  products 
can be achieved by increasing process sever i ty .  However, a t  these  high 
convers ion  l e v e l s ,  increased hydrogen consumption and t h e  nonselect ive 
production of l i g h t  ends a l s o  occur .  Degradat ion r e a c t i o n s  and t h e  
f o u l i n g  and coking  tendency o f  t h e  r e s i d - c o a l  mixture  a l s o  tend t o  
increase a t  high-severi ty  conditions. A t  very h i g h  s e v e r i t i e s ,  thermal 
e f fec ts  grea t ly  predominate over c a t a l y t i c  e f f e c t s  and fur ther  acceler-  
a te  the problems associated wi th  y i e l d  l o s s ,  p roduct  s t a b i l i t y ,  a n d ,  
c o k i n g .  A wide range of n o n d j s t i l l a b l e  convers ion  l e v e l s  can be 
achieved, merely by i n c r e a s i n g  the r e a c t o r  tempera ture .  The more- 
d i f f i c u l t  t a s k  and an important par t  of UOP's program i s  t o  determine 
the optimum conversion level  t h a t  produces high l iqu id  y ie lds  by se lec-  
t ive  c a t a l y t i c  convers ion ,  a s  opposed t o  thermal  c o n v e r s i o n ,  and 
reduces the problems associated w i t h  high sever i ty  operat ion.  

N o n d i s t i l l a b l e  convers ion ,  which i n c r e a s e d  w i t h  i n c r e a s i n g  
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tempera ture ,  was about the  same f o r  the  d i f f e r e n t  c a t a l y s t  concentra- 
t i o n s  over the e n t i r e  temperature range inves t iga ted  (F igure  16). Th is  
r e s u l t  i n d i c a t e s  t h a t  n o n d i s t i l l a b l e  conversion i s  p r i m a r i l y  c o n t r o l l e d  
by thermal e f f e c t s  and i s  no t  c a t a l y t i c a l l y  induced. Coal c o n v e r s i o n  
( F i g u r e  14) and heptane i n s o l u b l e  c o n v e r s i o n  ( F i g u r e  15) were more 
responsive t o  c a t a l y s t  concentrat ion,  i n d i c a t i n g  t h a t  c a t a l y s t  p l a y s  a 
r o l e  i n  c o a l  and h e p t a n e - i n s o l u b l e  c o n v e r s i o n .  The 0.05 w t - %  Mo 
c a t a l y s t  gave s l i g h t l y  h igher  heptane i n s o l u b l e  conversion ( F i g u r e  15)  
t h a n  t h e  0.12 w t - %  Mo. The l i q u i d  product p r o p e r t i e s  were a l s o  equal 
t o  o r  b e t t e r  than the  p r o p e r t i e s  of t h e  0.12 w t - %  Mo c a t a l y s t .  T h i s  
can be accounted f o r  by improved c a t a l y s t  d ispers ion  f o r  t h e  0.05 w t - %  
Mo c a t a l y s t .  The e f f e c t  o f  c a t a l y s t  concentrat ion was more pronounced 
a t  tempera tures  below about  440'C. A t  t h e  h igher  temperatures, t h e  

performance i s  o b t a i n e d  i r r e s p e c t i v e  o f  c a t a l y s t  concentrat ion.  The 
f a c t  t h a t  t h e  e f f e c t  o f  c a t a l y s t  concent ra t ion  was more pronounced a t  
t h e  l o w  t e m p e r a t u r e  and i t s  e f f e c t  d iminished a t  the  high temperature 
i n d i c a t e s  t h a t  hydrogenation, wh ich  i s  c a t a l y t i c a l l y  induced and i s  
f a v o r e d  a t  l o w  tempera ture ,  i s  b e i n g  promoted by the  c a t a l y s t .  The 
c a t a l y s t  provides hydrogen i n  an a c t i v e  form f o r  s t a b i l i z a t i o n  o f  t h e  
coa l -der ived  f r e e  r a d i c a l s  a t  the onset o f  coal  d i s s o l u t i o n  and f o r  t h e  
conversion o f  asphaltenes t o  t h e r m a l l y  s t a b l e  o i l  - s o l u b l e  p r o d u c t s .  
Thus, t h e  c a t a l y s t  b e n e f i c i a l l y  e f f e c t s  the  u l t i m a t e  conversion and 

i product d i s t r i b u t i o n .  The l i q u i d - p r o d u c t  p r o p e r t i e s  (Tables 4, 5, and 
6 )  f o l l o w e d  t h e  same t r e n d s  a s  t h e  c o a l  and h e p t a n e - i n s o l u b l e  
conversions; i .e . ,  they improved w i t h  h i g h e r  c a t a l y s t  c o n c e n t r a t i o n ,  '> and t h e  improvement diminished w i t h  inc reas ing  temperature. Increases 
i n  API ,  hydrogen content, c o n v e r s i o n  o f  aspha l tenes ,  and removal  o f  
h e t e r o a t o m s  a r e  p r i m a r i l y  c o n t r o l l e d  by c a t a l y t i c  e f f e c t s  t h a t  
predominate a t  the  lower temperatures. 

Two questions may be asked: what i s  t h e  r o l e  o f  t h e  c a t a l y s t  a t  
t h e  h i g h e r  tempera ture ,  and i s  i t  indeed needed? To answer these 
ques t ions ,  UOP has p l a n n e d  a r u n  w i t h  no c a t a l y s t .  T h i s  r u n  w i l l  
p r o v i d e  a b a s e l i n e  f o r  d e t e r m i n i n g  whether improved high temperature 
o p e r a b i l i t y  was due s o l e l y  t o  improved hydrodynamics r e s u l t i n g  from t h e  
use o f  l i q u i d  recycle,  o r  whether the  c a t a l y s t  a l s o  p lays  an important 
r o l e ,  even a t  very low concentrat ions.  

CONCLUSIONS 

I e f f e c t  o f  c a t a l y s t  concentrat ion d i m i n i s h e s ,  and v i r t u a l l y  i d e n t i c a l  

I 

1 

$ 

/1 

( 

The b e n e f i c i a l  e f f e c t s  o f  increased c a t a l y s t  c o n c e n t r a t i o n  were 
more pronounced a t  lower temperatures (below about 440°C). The advan- 
tage o f  h i g h  c a t a l y s t  concentrat ion diminished a t  h i g h e r  tempera tures ,  
where t h e r m a l  e f f e c t s  dominate  over c a t a l y t i c  e f f e c t s .  High nondis- 
t i l l a b l e  c o n v e r s i o n s ,  w i t h o u t  e x c e s s i v e  carbon l o s s  t o  r e t r o g r a d e  
r e a c t i o n s  and l i g h t - e n d s  y i e l d s ,  were demonst ra ted .  The improved 
o p e r a b i l i t y  o f  c o - p r o c e s s i n g  a t  h i g h  t e m p e r a t u r e s  r e p r e ' s e n t s  a n  
important advance t h a t  may s i g n i f i c a n t l y  improve t h e  process economics. 
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Table 1 

Run 19 Lona-Term Operabi l i ty  Study 

Conditions: 
Coal: I l l .  No. 6 (C1.2) 
Resid: Lloydminster Vacuum Resid (RE) 
Catalyst :  1.0 w t - %  V (K1.O) 
Resid-Coal: 2:l 
Temperature: 425'C 
Pressure: 3,000 psig 

Yields. wt-% MAF 

51Ot'C 
Unc. MAF Coal' 
H2 Consumption 

Coal and Resid 
2.2 
0.4 
5.0 
2.7 

20.5 
26.3 
33.7 
3.7 m 

100.0 
Convers i ons . w t  -% 
MAF Coal 89.3 
Heptane Insolubles 79.5 
510t'C Nondist. 56.8 
371t'C Nondist. 35.7 
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Table 2 

Petroleum Resid Ana lys is  

I 

R e s i d '  
A P I  Grav i ty  
S p e c i f i c  G r a v i t y  

D i s t i l l  a t ion ,  'C 
IBP,  v01-X 

5 
10 
20 
EP 
Vol-% over a t  EP 

Analysis,  w t - %  
Carbon 
Hydrogen 
S u l f u r  
Ni t rogen 
Heptane Inso lub les  
Carbon Residue (MCRT) 

Llovdminster Vacuum Resid (R101 
6 . 6  

1.0246 

379 
455 
473 
509 
512 

22.0 

8 3 . 6  
10.3 

4.77 
0 .59  

13.56 
17.39 

Table 3 

Coal Analysis 

- Coal 
Proximate Analysis 

(AR Basis) ,  wt-X 
V o l a t i l e  Mat te r  
Fixed Carbon (1) 
Moisture 
Ash 

U l t imate  Analysis 
(AR Basis), w t - %  
Carbon 
Hydrogen (2)  
S u l f u r  
Ni t rogen 

Ash 
Moisture 

Oxygen (1) 

(1)  By d i f f e r e n c e  
(2)  Corrected f o r  moisture 

I l l i n o i s  No. 6 (C1.41 

38 .  a4 
45.80 

4 .08  
11.28 

66.75 
4.66 
2 .91  
1.34 
8 . 9 8  

11.28 
4 .08  

I 
Y 
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Table 4 

E f f e c t  o f  Sever i t y  on Y ie lds  and Product P rooer t i es  

0.50 ut-% Mo Cata l ys t  

Temperature, "C 

Yie lds,  w t - %  MAFF 

H20 + COX 

H2S 
NH3 
C1-C4 ( L i g h t  Ends) 
C5-177'C (Naphtha) 
171-343'C ( D i s t i l l a t e )  

510'Ct (Resid) 
Unc. MAF Coal 
H2 Consumption 

343-510°C (VGO) 

TOTAL 

C5+ T o t a l  L i q u i d  Product 

MAFF, w t - %  
API G r a v i t y  
Carbon, wt-X 
Hydrogen, w t - %  
Su l fu r ,  w t - %  
Ni t rogen,  w t - %  
Heptane Inso lub les ,  w t - %  
MCRT, wt-X 

427 451 467 

2.20 4.22 
2.26 3.11 
0.21 0.63 
2.33 6.75 
5.90 17.17 

17.61 31.54 
26.52 22.12 
40.82 15.27 
4.51 2.87 

(2.37) (3.66) 

6.11 
3.11 
0.22 
8.91 

25.46 
32.59 
15.90 
8.37 
2.95 

(3.61) 

100.00 100.00 100.00 

90.85 
13.3 
86.36 
10.38 

1.66 
0.79 
8.64 

12.84 

86.10 
24.4 
86.99 
11.04 
0.61 
0.57 
4.61 
7.36 

82.32 
28.6 
85.76 
11.23 
0.47 
0.84 
3.38 
6.36 



I 

Table 5 

E f f e c t  o f  S e v e r i t y  on Yie lds  and Product Proper t ies  

0.12 w t - %  Mo Cata lys t  

Temperature, 'C 
Yie lds ,  w t - %  MAFF 

H20 + COX 

H2S 
NH3 
C1-C4 (L ight  Ends) 
Cg-177'C (Naphtha) 
177-343'C ( D i s t i l l a t e )  

510t'C (Resid) 
Unc. MAF Coal 
H2 Consumption 

343-51O'C (VGO) 

TOTAL 

C5+ Tota l  L iqu id  Product 
MAFF, w t - %  
A P I  Grav i ty  
Carbon, w t - %  
Hydrogen, w t - %  
S u l f u r ,  wt-% 
Nitrogen,  w t - %  
Heptane Insolubles,  w t - %  
MCRT, W t - %  

427 

6.7 
1.6 
0.2 
2.5 
5.4 

17.6 
29.2 
34.0 

5.6 
/2.8) 

100.0 

86.2 
12.9 
84.7 
10.0 
2.1 
0.9 
9.8 

12.7 

446 

4.0 
3.3 
0.4 
5.5 

12.0 
24.0 
26.1 
24.2 
3.6 

(2.9) 

100.0 

86.3 
17.0 
84.0 
10.3 

1.4 
0.8 
9.1 

11.2 

459 

4.3 
3.5 
0.8 
9.1 

14.5 
36.0 
22.9 
10.3 
2.3 

(3.6) 

100.0 

83.7 
19.9 
84.4 
11.0 
1.1 
0.4 
3.1 
6.2 
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Table 6 

E f f e c t  o f  S e v e r i t y  on Y i e l d s  and Product Prooer t ies  
0.05 w t - %  Mo C a t a l y s t  

Temperature, 'C 
Y ie lds ,  wt-% MAFF 
H20 t COX 

H2S 
.' NH3 

C1-C4 ( L i g h t  Ends) 
C5-177'C (Naphtha) 
173-343'C ( D i s t i l l a t e )  

510'C+ (Resid) 
Unc. MAF Coal 
H2 Consumption 

343-51O'C (VGO) 

TOTAL 

C5+ T o t a l  L i q u i d  Product 
MAFF, wt-X 
API G r a v i t y  
Carbon, wt -% 
Hydrogen, w t - %  
S u l f u r ,  wt-% 
Nitrogen, w t - %  
Heptane Inso lub les ,  w t - %  
MCRT, w t - %  

428 447 462 

1.67 
2.51 
0.34 
2.75 
5.69 

11.04 
30.65 
40.66 

6.76 
(2.07) 

100.00 

2.00 
3.28 
0.49 
5.68 

13.69 
25.65 
24.47 
24.03 

3.67 
(2.96) 

100.00 

3.64 
3.64 
0.42 
9.10 

23.43 
27.92 
17.92 
14.66 

2.62 
(3.35) 

100.00 

88.04 87.84 83.93 
11.4 18.7 2 5 . 4  
84.4 84.8 85.0 
10.4 10.9 11.3 
2.4 1.5 0.9 
0.7 0.7 0.7 
7.0 5.6 3 .1 

13.5 10.6 8.7 

984 



3 

985 



Figure 2 

Unconverted Coal Yield 
vs. Temperature 
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Figure 4 

Nondistillable Conversion 
vs. Temperature 
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Figure 3 

Hept. Insol. Conversion 
vs. Temperature 
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Figure 5 

vs. Temperature 
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Figure 6 

Unconverted Coal Yield 
vs. Temperature 

Figure 7 

Hept. Insol. Conversion 
vs. Temperature , 
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Figure 8 

Nondistillable Conversion 
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F igure 9 

Light Ends Yields 
vs. Temperature 
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